A mathematical model is proposed herein to describe the dynamic behavior of the denitrification process in a fluidized bed biofilm reactor.
INTRODUCTION
In recent years, much attention has been focused on the removal of oxidized forms of nitrogen from surface waters and waste waters because of their association with public health hazard and severe eutrophication problems. Application of fluidized bed biofilm reactor (FBBR) to the denitrification process, as a high-rate, innovative reactor, would be of great use, since it is possible to achieve high value of biomass retainment in FBBR with a magnitude of one order greater compared with that in the conventional suspended growth reactor.
On the other hand, FBBR, different from the suspended growth system, exhibits complex process behavior owing to use of biofilm which is attached onto the small particles of inert material (referred to as bioparticles hereafter). The performance of FBBR is interdependently governed by a number of closely linked phenomena such as bioparticles fluidization, substrate and product mass transportation within biofilm, bulk liquid flow behavior, biofilm growth etc. For rational and reliable basis of design and operation of a FBBR process, it is necessary to analyze these interacting phenomena.
In this respect, many models proposed so far for FBBR process, with a few exceptions (Nieuwstad, 1984; Hermanowicz, 1984) , are insufficient for practical use, since they are applicable only for a steady state.
The purpose of this study is to construct a comprehensive kinetic model to predict in both steady and dynamic states.
The model developed consists basically of the following four submodels: 1), A biofilm kinetic submodel to express the relationship between the intrabiofilm mass transfer resistance and the simultaneous intrinsic consumption of'substrate. The consecutive two-step reaction kinetics with nitrite as an intermediate product is adopted as the intrinsic reaction.
(2), A fluidization submodel which describes the mechanical characteristics of bioparticles fluidization. The biomass concentration based on unit volume of bed can be predicted through this submodel. (3), A fluid flow pattern submodel to express the hydraulic behavior of bulk liquid in the reactor which employed an axial dispersion model. (4), A biofilm development submodel which determines the variation in biofilm thickness and bed height with time through the relationship between growth, decaying and sloughing of biofilm. The validity of the integrated model will be verified with respect to dynamic behavior of process by comparison with the experimental results obtained in a laboratory-scale FBBR system.
MATERIALS AND METHODS
With an aim to use for model verification, the experimental data were taken under well defined conditions. The experimental set-up used in this study, as shown in Fig. 1 , consists of a column with a height of 4.0 m and an inner diameter of 30 rom.
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Fig. 1 Schematic of experimental set-up
At the top of the column a rotating brush, as shown in Fig. 2 , which is turned on for 40 seconds at 3 minute interval with a speed of 120 rpm, is equipped in order to separate evolved gas from bioparticle. An important function of this equipment is to shear biofilm off from support medium and to allow fragments of detached biofilm to be discharged through the mesh screen, while preventing the medium from effusion. Nitrogen gas is continuously supplied to the tap water used for dilution of strengthed substrate solution in order to strip out dissolved oxygen, reSUlting in DO level in the influent kept below 1.0 mg/l. The spherical activated carbon particles are used as biofilm su�portive media, having a mean diameter of 0.334 mm, a wet density of 1.316 glcm and a uniformity coefficient of less than 1.4. Methanol and NaN0 3 are used as carbon and nitrogen sources, respectively, maintaining the CH 3 0H/N ratio at 3.0. For this influent composition, methanol is not rate-limiting factor for denitrifier within the biofilm (Harremoes,1978) . Phosphate buffer is supplied at 10 mM level, maintaining the pH of the influent at 7.0. Liquid sampling is made through sampling port along the column wall. Bioparticl& sample is taken from the top of the column using a special sampling device, as shown in Fig. 3 , in order to withdraw the representative bioparticles 1n � from FBBR.
Biomass concentration is determined in terms of nitrogen contents of bioparticles by a carbon-nitrogen analyser. 
Mechanical Characteristics of Bioparticles Fluidization
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Relationship between biofilm thickness and biofilm density. A bioparticle cultivated in a FBBR has a double-shell structure which consists of a supportive medium of relatively large density and a biofilm coated onto it. As the diam�r of a bioparticle increases, its density decreases with increase in biofilm thickness. It has been reported that the biofilm density itself varies with the biofilm thickness by Shieh (1980) . The experimental relationship between the biofilm wet density Pb (defined as wet weight divided by wet volume) and the biofilm thickness 0 is w presented in Fig. 4 .
The measurement of Pbw was made suspending bioparticles in NaCl solutions of various densities.
The biofilm dry density Pbdd (defined as dry weight divided by dry volume) was found to be approximately 1.3 (g/cm 3) using a pycnometer, independent of biofilm thickness. The figure exhibits a tendency that Pbw increases with increase in 0, giving the following regression equation:
where biofilm thickness I) is expressed in cm and the correlation coefficient is r:0. 93. The biofilm dry density P bd (defined as dry weight divided by wet volume) is determined by Eq. (2) as follows:
Substitution of Pb w and Pbdd into Eq. (2) results in plots of P bd which are marked by double-clrcles in Fig. 4 . Contrary to our observation, Shieh (1980) reported that Pbd decreases with increase in 0 for. the biofilm grown in an oxygenic FBBR system. Conflict between our result and Shieh ' s observation may be attributable to difference in biofilm cultivation method, i.e. our denitrification process versus Shieh ' s aerobic process. The result in our process is also supported by a microscopic observation of bioparticles.
It is inferred that frequent recurrence of bioparticle collisions causes increase in compactness of microbial aggregation structure in the process of biofilm thickness development.
Influence of biofilm thickness on minimum fluidization velocity and terminal velocity. In passing fluid through a fixed bed, the pressure drop of fluid increases with increase in flow rate. At higher velocity than the critical, umf , termed as the minimum fluidization velocity, particles become suspended in upward flowing liquid and the bed begins to expand. Furthermore, disappearence of fluidization due to the effusion of particles from bed takes place at velocity above U t , termed as the terminal settling velocity of particle. The fluid resistance through the particle void in a fixed bed state is expressed as a pressure drop given as follows:
where L a denotes the hypothetical bed height at void fraction E=O. L a is given as follows:
where L O is the bed height at E= E mf' The pressure drop at fluidization state, which is independent of u, is approximately balanced by buoyant weight of particles, giving
The minimum fluidization velocity u mf is given by solving Eqs. (3) and (5), as follows:
The R ep terminal velocity U t is given, in the range of (= u'd p'Pf/�f) from 1 to 500, by Eq. (7).
particle Reynolds number (7) (6) and (7), respective!y, using the bioparticle density P pw given as follows:
The pressure drop np required for calculation of f v in Eq. (6) is measured by an inclined manometer connected. to the FBBR column. As the biofilm thickness increases, both u mf and U t decrease at first down to the critical values owing to the effect of decrease in bioparticle density. With further increase in 0, u mf and U t increase due to the effect of increase in diameter.
The ratio of u t /u mf corresponds to velocity range of occurrence of fluidization, although the range of satisfactory operation may be actually much narrower due to loading in a biological sense and inhomogeneity of bioparticle diameter in a mechanical sense. For example, if the biofilm thickness is developed from 0=0 (mm) to 0=1 (mm), U t and u mf would vary from 1. 9 (cm/s) to 2.4 (cm/s) and from 0.03 to 0.114,respectively, accompanied by corresponding change in R ept from 6.5 to 58. This results in the decrease in the ratio of ut/u mf from 63 to 21, indicating less flexibility of possible operation for the greater thickness of biofilm.
The practical range of u /u mf for operation of FBBR should be kept below around 10 in order to satisfy the condition E�0.7.
Relationship between linear velocity and void fraction. The void fraction E remains constant in a fixed bed state, whereas E increases with increase in linear velocity u in a fluidized bed state. A generally accepted relationship (9) where n is the experimentally determined exponent. Fig. 6 shows the plots of u/U t against e: with biofilm thickness as a parameter. The validity of the form of Eq. (9) is confirmed by straight lines in the figure and the exponent n can be determined from the slope. Fig. 7 represents the definite relationship between n and particle Reynolds number at terminal velocity R e p t , as suggested by Richardson and Zaki, giving the following regression equation:
Therefore, the void fraction e: at any velocity u can be calculated from Eqs.
(9) and (10), if the physical characteristics of bioparticle, i.e. o,d m and P pw , are known.
Prediction of biomass concentration. The biomass concentration, X, which is defined as dry weight of biomass per unit volume of bed, is related to 0 and e: as follows:
Provided biofilm thickness 0, medium density P s ' and diameter d m are known, the exponent n can be obtained from Eqs. (1), (7), (8) and (10). Subsequently, e: can be determined from Eq. (9) and finally we can predict the biomass concentration X from Eqs. (2) and (11). Fig. 8 represents the relationship between X and u in relation to 0, indicating that X decreases as the bed expands with increase in u at u>� f . The solid lines depicted in the figure are calculated by means of the above-mentioned procedure. A good agreement between measured and calculated X suggests that the fluidization mechanism of bi�icles is adequately described by the model developed in this section and the pred�ion of biomass concentration is made possible.
Substrate removal within biofilm
Intrinsic denitrification rate. To elucidate the mechanism of substrate consumption by biofilm it is necessary to estimate the intrinsic reaction rate under the condition of no intrafilm diffusional resistance. The intrinsic denitrification rate is determined from batch experiment using cells forcibly dispersed from the bioparticles. In general, the denitrification reaction can be described as a consecutive two step process, that is, the first step being the reduction of nitrate to nitrite and the second nitrite to nitrogen gas. Although in many cases of the FBBR denitrification process a considerable amount of nitrite accumulation in the bulk liquid is observed, very few studies have dealt with the two-step kinetics (Eggers, 19791 N ieuwstad, 19841 Vossoughi, 1982) . In this study the effect of nitrate and nitrite concentration on nitrate reduction rate K3 (mg N03-N/gVSS·h) and nitrite reduction rate K 2 (mg N0 2 -N/gVSS·h) are investigated. Fig. 9 presents the relationship between K 3 and nitrate with nitrite as a parameter. With increase in nitrite K 3 decreases, while the magnitude of nitrite inhibition effect on K 3 is not reduceu with increase of nitrate.
This tendency is consistent with the non-competitve inhibition model and is given as follows:
The solid lines in Fig.9 are generated using estimated parameters by non-linear least square regression. Fig. 10 shows the effect of nitrite on nitrite reduction rate K 2 . The figure indicates that K 2 attains a maximum at around 20 (mg N0 2 -N/l) and decreases with further increase in nitrite, while no definite effect of nitrate is observed. With regard to K 2 the substrate inhibition model is applied as follows:
The regression lines and estimated parameters are also given in Fig. 10 . The validity of applied models to K 3 and K 2 ( Eqs. (12) and (13» are ascertained by F-test, resulting in that the 95 % confidence intervals of K 3 and K 2 are estimated to be 26.6 + 0.47 and 39.6 + 0.58, respectively. Although Eggers has proposed the compe t itive inhibition -model of nitrite on K 3 , a similar relation with regard to K3 as with our result has been obtained by Matsuyama (1982) .
Biofilm kinetics. The mechanism of substrate removal by b1of1lms exh1b1ts different behavior from that by suspended growth cells due to the effect of intrafilm diffusional resistance. Denitrification rate of biopart1cles 1s formulated with respect to substrate concentration S i as follows:
(14)
at where O s is the effective diffusivity through biofilm (cm 2 /s) and subscript i=1,2 corresponds to nitrate and nitrite, respectively. The boundary conditions are given by as1/ar 0 at r= rm/r p (for full penetration),
as!/ar 0 at r= r l s * (for partial penetration),
i=O at r=l (at biofilm surface).
In order to investigate the characteristics of substrate removal by biofilm, batch experiments are conducted for various thicknesses of bioparticles. Fig. 11 shows the effect of nitrate on the observed nitrate reduction rate K J with a biofilm thickness as a parameter. At lower concentration of nitrate 1n the bulk liquid the observed K 3 is limited by diffusional resistance, while it reaches the full penetration state at nitrate above a critical value. The figure also indicates that the magnitude of diffusional resistance decreases with decrease in biofilm thickness. Fig. 12 presents the relationship between the accumlation rate of nitrite, i.e. K 3 -K 2' and nitrate in the bulk. The accumlation rate of nitrite in the bulk increases both with increase in nitrate in the bulk and with decrease in biofilm thickness. This tendency illustrates that the smaller the thickness of biofilm, the more smoothly the intermediate product excreted within biofilm diffuses out to the bulk. The prediction curves dipicted in Figs. 11 and 12 are obtained from Eqs. 12 to 17 using the value of diffusivities D s 3 and D S 2 listed in Table 1 . The diffusivity with respect to nitrate was experimentally determined in the previous study (Harada, 1982) in a similar manner as obtained by Williamson (1976) .
The obtained value of D s3 lies in the reasonable range, corresponding to the 64 % of the molecular diffusivity in pure water. D s2 is assumed to be equal to D s3 • For the prediotion of FBBR performance in a dynamic state it is necessary to quantify the variation in biomass contained in the reactor. The overall increment rate of biomass with the FBBR is equal to the sum of the net growth rate, the auto-decaying rate and the effusion rate due to slough-off. Assuming that the distribution of bioparticles is homogeneous through the bed, the biomass increment rate is given in terms of biomass equivalent per unit volume of bed as follows:
where T p equals €L/u and Po refers to the suspended solid concentration in the effluent. X is biomass concentration in the bed expressed as MLSS or MLVSS equivalent which can be calculated from Eq. (11). Consequently the increment rate of biofilm thickness can be estimated from Eq. (18).
Yield coefficients on nitrate and nitrite, Y3 and Y 2 , and auto-decaying coefficient k d are determined to be 0.34 (-), 0.38 (-) and 0.021 (day -I ), respectively, from batch experiment using the dispersed cells harvested from bioparticles ( Ando, 1985) .
Process Performance Model
Although many researchers have approximated the bulk liquid flow pattern in once-through FBBR as a plug flow model, the axial dispersion model is adopted in this study. Fluid behavior in FBBR is dependant on void fraction as well as reactor configuration and physical characteristics of fluidizing particles, i. e. their size and density. The experimental correlation determined in the previous study ( Ohashi, 1985) is used for calculation of the dispersion number D z, which adequately describes the effect of void fraction, particle diameter and density on the dispersion number D z in the range of O.l<Re p <lOO. It is worthwhile to note that Peclet number d E u/€D z exhibits a tendency to have a minimum value around €=0.6�O.7, independent of physical characteristics of particles.
The substrate profiles along the axial length of FBBR can be described by
The boundary conditions are given as follows: (21) where z=O+ and z=O-refer to reactor inside and outside, respectively, of inlet and L denotes bed height.
Verification of Proposed Model
The validity of the model developed in this study was examined by comparing the prediction with the experiment in a dynamic state. Fig. 13 shows the time course of nitrate and nitrite in the effluent and bed height during 10 days of a continuous flow run, along with those of the influent nitrate and the effluent suspended solid concentration. The influent nitrate was set at 46 (mg N03-N/l) and the linear velocity was maintained at 30.8 (cm/s).
The number of bioparticles remained constant throughout the run owing to no allowance for carry-over of the particles from FBBR through the special device located at the top of the column, as shown in Fig. 2 . Predicted lines with respect to nitrate and nitrite in the effluent and bed height are dipicted in Fig 13. Parameters used are listed in Table 1 .
It is noteworthy that all parameters except Ds 2 are experimentally determined in this research. The bed height developed from 126 cm to 385cm during 10 days operation, being in good agreement with the prediction.
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The conversion rate of nitrate to nitrite increased significantly after 4th day, accompanied with a considerable accumlation of intermediate nitrite which reached about 30 % of the reduced nitrate. Fig. 14 presents the profiles of nitrate and nitrite along the axial length of column at Oth and 10th day. Predictions of both nitrate reduction and nitrite accumulation at 10th day give underestimated values, exhibiting a similar discrepancy as observed after 4th day in Fig. 13 , even though the total reduction rate of nitrate plus nitrite is in good agreement. These discrepancies may be attributable partly to inaccuracy in estimating parameters and partly to imperfection of proposed model. The former problem may be due to the large number of parameters required for the present model. In particular, maximum reduction rates of nitrate and nitrite, Vm3 and V 2' being independent, significantly affect the reproducibility of simulation �ecause of their high parameter sensitivities. 
oth day In regard to the latter matter it seems to be necessary to account for the distribution of bioparticle size along bed height, as made by a few researchers ( Eggers, 1979; Nieuwstad, 1984; Hermanowicz, 1984) . Furthermore, incorporation of pH distribution within biofilm which is caused by alkalinity production into the model may be helpful in improvement of the model, as proposed by Riemer (1978) and Arvin (1982) . CONCLUSIONS 1. The dry density and the wet density of biofilm, % d ( on the basis of dry weight/wet volume) and P bw (wet weight/wet volume), respectively, were observed to be dependent on biofilm thickness. An experimentally determined correlation is presented, which exhibits that Pb d and P bw increase with increase in biofilm thickness up to saturation values. 2. Void fraction of the bed can be adequately described as a function of linear velocity and particle Reynolds number at terminal velocity Re p t' resulting in a simple and reliable procedure for prediction of biomass concentration (based on per unit volume of bed), provided the biofilm thickness and the linear velocity are known. 3. It was experimentally proven that the intrinsic rate of nitrate reduction follows a non-competitive inhibition model, whereas that of nitrite reduction can be described by a substrate inhibition model. 4. A biofilm kinetic model which accounts for diffusional resistances with regard to nitrate and nitrite as an intermediate product was proposed and verified by a batch experiment for different biofilm thicknesses of bioparticles. 5. The dynamic behavior of FBBR process was simulated by the combined model into which the biofilm thickness development model is incorporated, taking into' account growth, auto-decaying and sloughing. The prediction for the bed height development and the total nitrogen reduction is in good agreement with the experiment, although remaining insufficient with regard to the effluent nitrate and nitrite. 
